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We developed a sensitive spectroscopic method to probe triplet
concentration in thin ﬁlms of polyﬂuorene (PF) at room tempera-
ture. The energy of photoexcited triplet excitons is transferred to
the guest metal–organic complex, meso-tetratolylporphyrin-
Pd (PdTPP), and detected as phosphorescent emission. The
phosphorescence intensity of PdTPP–PF blends is proportional
to the independently measured triplet concentration using photo-
induced absorption experiments. The high sensitivity of this method
allows room temperature detection of triplet excitons in spin-
coated polymer ﬁlms as thin as 10 nm. We found that the triplet
lifetime is independent of PdTPP concentration and therefore
this method is nearly non-perturbing for the triplet population.
Introduction
To design highly eﬃcient optoelectronic devices, a thorough
understanding of the physics of triplet excitons in organic
semiconductors is required. According to spin statistics, 75%
of all electron–hole pairs form triplet excitons in an organic
light emitting diode (OLED). Since organic materials consist
of rather light atoms with weak spin–orbit interactions, the
radiative transitions of triplets—phosphorescence—are usually
ineﬃcient. To extract the energy of triplet excitons as light
output, the triplets should be manipulated toward phosphores-
cent emitting systems1–4 or extracted as delayed ﬂuorescence.5
Recently, it has been pointed out that also in solar cells the
transformation of singlet to triplet excitons can signiﬁcantly
enhance the power conversion eﬃciency.6–9 Furthermore, the
reverse to the triplet–triplet annihilation process, singlet ﬁssion,
shows great potential for further optimization of solar cells.10,11
The physical processes that inﬂuence the device performances
include diﬀusion, triplet–triplet annihilation, singlet ﬁssion, and
triplet–polaron interactions. Experimental approaches to study
these processes relay on the detection of triplet excitons. In
particular, it is very important to detect triplet excitons at low
densities, below the triplet–triplet annihilation threshold, to access
the intrinsic properties of triplets such as triplet exciton diﬀusion.
However, detection of low triplet concentrations is very
challenging at room temperature in ultra thin ﬁlms using the
conventional methods such as phosphorescence spectroscopy
or photoinduced absorption. At room temperature triplet lifetime
is usually one order of magnitude shorter than at liquid nitrogen
temperatures.1,12–15 Consequently both phosphorescence and
photoinduced absorption signals are diﬃcult to detect. Further-
more, the phosphorescence intensity and absorption of the
triplet excited state are proportional to the ﬁlm thickness.
Generally, if the sample thickness is of the order of 100 nm,
which is a typical active layer thickness for OLEDs and
organic solar cells, the application of these methods at room
temperature requires high laser intensities and high triplet
densities, usually well above the triplet–triplet annihilation
threshold. Thus it is important to develop alternative sensitive
methods to detect low concentrations of triplet excitons in
device conﬁgurations.
Doping organic semiconductors with metal–organic complexes
can allow the phosphorescent detection of the triplet excitons.
A triplet that is initially generated in the organic semiconductor
can be transferred to the dopant complex.16–21 Owing to high
atomic number of the metal, such as palladium, iridium etc., the
spin–orbit coupling of the complex is relatively large enabling
the eﬃcient radiative recombination of the transferred triplet
exciton. However, the triplet harvesting by metal–organic
complexes is capable to strongly perturb22 the triplet population
of the host material and inﬂuence processes such as triplet–
triplet annihilation.3
Here we present a nearly non-perturbing sensitive detection
of low triplet densities in ultra-thin ﬁlms of a conjugated
polymer at room temperature. We have chosen poly(9,9-di-
n-octylﬂuorene) (PFO) as a model polymer with high potential
for applications in optoelectronic devices such as light emitting
diodes and lasers.23 We show that the palladium-coordinated
porphyrin, meso-tetratolylporphyrin-Pd (PdTPP), can be used
as non-perturbing phosphorescent sensor of triplet excitons in
PFO. This porphyrin molecule is photochemically stable, has
sharp absorption bands, long phosphorescence decay time and
appropriate energy level alignment with PFO.
Experimental methods
Poly(9,9-di-n-octylﬂuorene) (PFO) was synthesized by the
Netherlands Organisation for Applied Scientiﬁc Research (TNO);
a Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands.
E-mail: alex@mikhnenko.com, m.a.loi@rug.nl
bDutch Polymer Institute, P.O. Box 902, 5600 AX, Eindhoven,
The Netherlands
cHolst Centre, High Tech Campus 31, 5656 AA, Eindhoven,
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meso-tetratolylporphyrin-Pd (PdTPP) was purchased from
Porphyrin Systems; poly(methyl methacrylate) (PMMA) and
polystyrene (PS) were acquired from Aldrich. The materials
have been used without further puriﬁcation. All sample
fabrication steps including preparation of solutions, ﬁltering,
drop-casting and spin-coating were done under a nitrogen
atmosphere in a glove box. A drop-casting technique has been
used to prepare PdTPP blends with PFO, PMMA and PS as
well as to prepare B1–2 mm PFO ﬁlm for photoinduced
absorption experiments. 10 nm ﬁlms of PFO and PMMA
have been spin-coated at 2000 rpm. The sublimation of
PdTPP was performed in high vacuum with pressure lower
than 2  107 mbar, at a deposition rate of 0.04 A˚ s1.
Samples for spectroscopic measurements were mounted in
an optical cryostat and kept under vacuum of 5  105 mbar.
Absorption spectra were measured by a Perkin-Elmer spectro-
meter under ambient conditions. Polymer thickness was mea-
sured by a Dektak proﬁlometer and an atomic force
microscope.
The set-up for photoinduced absorption (PIA) experiments
consists of an argon laser operating at 466 nm, a tungsten
lamp, a monochromator and a low noise silicon photo-
detector. A mechanical chopper was used to modulate the
pump laser. The signal was further ampliﬁed using a phase
sensitive detector. The dependence of the triplet PIA band
intensity on the modulation frequency was measured with a
Hamamatsu photomultiplier tube (PMT) loaded with a small
resistance to ensure fast response in the modulation range of
40–2000 Hz.
The photoluminescence/phosphorescence spectra were recorded
by the PMT in combination with a monochromator. As for
PIA experiments the laser excitation at 466 nm was modulated
by a mechanical chopper and the signal was enhanced by
a lock-in ampliﬁer. The phosphorescence decay time of
PdTPP was measured with PMT directly linked to a digital
oscilloscope.
The laser power was controlled by a circular variable neutral
density ﬁlter and a power meter, which was connected with a
computer to record the light intensity directly during the
measurements. Each power dependence measurement has
been swept from the highest to the lowest excitation power,
followed by the back scan from the lowest to the highest. The
back scan did not show notable degradation of the signal in all
reported experiments. The incident power density was deter-
mined by dividing the total laser intensity over the circular
area of the Gaussian beam waist radius. The beam waist was
measured using pin holes of various sizes and found to be
about 55 mm for the used experimental set-up.
Results and discussion
Fig. 1 shows the photoluminescence/phosphorescence spectrum
of PdTPP ﬁlm deposited by vacuum sublimation on top of
a spin-coated layer of PMMA. The PdTPP thickness
was controlled by the quartz thickness monitor during the
sublimation and was set to 1 nm. The PMMA is a wide band
gap material and plays the role of an inert ﬂat substrate. The
excitation wavelength of 466 nm was detuned from the
absorption maxima of PdTPP. Three weak peaks at 620 nm,
670 nm and 700 nm are resolved in the emission spectrum of
PdTPP. Only the peak at 700 nm is attributed to phos-
phorescence with a decay time of the order of a millisecond;
the other peaks appear to be the prompt photoluminescence of
PdTPP. It is important to note that the intensity of phos-
phorescent emission was as weak as that of photoluminescence
also when PdTPP was deposited on clean quartz substrates
regardless of the ﬁlm thickness, which was varied in a wide
range up to 1 mm.
The PL spectrum of PdTPP ﬁlm, sublimed under the
same conditions on top of a 10 nm thick spin-coated PFO
ﬁlm, is also plotted in Fig. 1. Remarkably, the phosphorescent
intensity of the PdTPP layer is one order of magnitude higher
when deposited on top of PFO as compared to the
PMMA–PdTPP heterostructure. The increase in phosphores-
cent intensity indicates that PFO acts as an antenna to collect
optical excitations for PdTPP. Below we will show that
the enhanced phosphorescence of PdTPP is mainly due to
optically generated triplet excitons in a PFO layer that are
transferred to PdTPP.
The inset in Fig. 2 shows the photoinduced absorption
spectrum of a 2.5 mm thick drop-casted PFO ﬁlm. The
spectrum was acquired at room temperature and consists of
a distinct peak at B1.45 eV with a shoulder on the higher
energy side. The detected feature is typical12,24 for the T1–Tn
transition in PFO and its intensity is proportional to the
product of the sample thickness, the concentration and
Fig. 1 Absorption spectra of PFO (dotted) and PdTPP (dashed).
Photoluminescence spectra of two layer heterostructures PFO–PdTPP
and PMMA–PdTPP are plotted as solid lines. The excitation wavelength
at 466 nm is marked with the arrow.
Fig. 2 Dependence of the maximum of the T1–Tn transition on the
incident power density in PFO; sample was excited at 466 nm. The
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the absorption cross-section of the triplet excited states.1
The triplet exciton concentration is proportional to their life-
time that is relatively short at room temperature (0.1 ms), as
compared with liquid nitrogen temperatures (1–7 ms, ref. 12).
Consequently thick PFO ﬁlm and high laser excitation power
(500 mW mm2) are necessary to record the photoinduced
absorption spectrum.
It is noteworthy that the laser excitation at 466 nm is able to
generate triplet excitons in ample concentration to have
triplet–triplet annihilation in PFO. The corresponding photon
energy of 2.66 eV is just above the triplet energy of 2.3 eV.1,13,25
On the other hand, the polymer’s optical gap is about 3–3.2 eV.
The mechanism of triplet exciton generation under such
conditions can be understood from considerations of the
density of states (DOS). Due to the disordered nature of the
polymer, excitonic density of states is rather broad and can be
described with a Gaussian distribution. Singlet excitons can be
generated at the low energy tail of the DOS in our experi-
ments. Those excitons can undergo intersystem crossing to
generate triplets.
Fig. 2 illustrates the dependence of the T1–Tn transition peak
intensity on the incident power density. At low excitation
densities the triplet peak increases linearly with the incident laser
power. Above B100 mW mm2 its intensity scales as square
root of the supplied power. On the log–log graph these two
regimes appear as branches with slopes 1 and 0.5, respectively.
The non-linear dependence of the triplet peak intensity on
the incident power density is determined by the triplet–triplet
annihilation (TTA) phenomenon.1 The probability that two
triplet excitons meet each other during their lifetime is
signiﬁcant when their concentration is high. Once brought
together two triplets (T*) can undergo annihilation, which
results in one singlet excited state (S*) and one singlet ground
state (S):
T* + T*- S* + S.
The TTA process introduces an additional decay path for
triplet excitons that is responsible14 for the slope of 0.5 on the
log–log plot in Fig. 2.
Fig. 3 shows the dependences of the phosphorescent
emission intensity of PdTPP at 700 nm under diﬀerent power
excitations in various sample conﬁgurations. All the data were
ﬁrst normalized to their maximum value and then displaced
vertically for clarity. The upper ﬁve curves correspond to
drop-casted samples of PdTPP blended with PFO in concen-
trations ranging from 0.05 wt% (top) to 60 wt%. The two
lowest curves with a slope of 0.9 correspond to PdTPP blended
into PMMA (pentagons) and PS (squares) with concentrations
of 0.03 wt% and 0.1 wt%, respectively.
PFO acts diﬀerently as host material for PdTPP in compar-
ison to PMMA or PS. A small amount of PdTPP blended into
PMMA or PS reveals nearly linear dependence of the phos-
phorescent intensity on the incident power in the whole
studied power range. On the log–log scale these dependences
appear with a slope of B0.9 (Fig. 3). In contrast, similar
concentrations of PdTPP blended with PFO show two distinct
regimes on the log–log plot, with slopes of 1 and 0.5 respec-
tively. It is important to note that the photoluminescence
intensity of the PdTPP measured at 620 nm depends linearly
on the incident power density in each blend, as does the PFO
emission above 550 nm in the PdTPP–PFO sample (not
shown here).
The comparison of Fig. 2 and 3 reveals that the phosphor-
escence intensity of PdTPP–PFO blends is proportional to the
intensity of the independently measured triplet T1–Tn PIA
band, which is proportional to the triplet concentration. In
this way we demonstrate that PdTPP acts as a sensor of triplet
excitons in PFO. The non-linearity of the phosphorescence
intensity at high incident power densities is then governed by
the triplet–triplet annihilation process within the PFO matrix.
Triplet energy transfer is possible from PFO to PdTPP since
the triplet level of PdTPP (1.8 eV) is below that of PFO
(2.3 eV), the back transfer is energetically unfavorable.
To understand the impact of the PdTPP guest molecules on
the triplet lifetime of PFO, blends of various PdTPP concen-
trations have been examined. Samples with PdTPP concentra-
tion of 25 wt% and lower show identical non-linearity at high
excitation powers, which is represented by the slope of 0.5 on
the log–log scale (Fig. 3). Only the sample with concentration
of 60 wt% deviates from the general trend and resembles the
dependency of the porphyrins in the inert matrix.
Fig. 3 demonstrates that the threshold laser power at which
the dependence changes from a linear to non-linear regime is
identical in wide range of concentrations from 0.05 to 25 wt%.
This threshold power corresponds to the triplet density [Tth],
above which the TTA is eﬃcient. Furthermore [Tth] is deter-
mined by the triplet lifetime t (ref. 1):
[Tth] p 1/t.
[Tth] is independent of the amount of PdTPP, consequently
also is t. Thus doping PFO with PdTPP does not lead to the
reduction of the triplet lifetime. In this respect PdTPP does not
perturb the triplet population in PFO. Our ﬁndings are in
Fig. 3 The dependence of the phosphorescence intensity at 700 nm
on the incident power density of PdTPP blended in PFO with the
following concentrations, from top to bottom: 0.05 wt% (hexagons),
0.5 wt% (diamonds), 5 wt% (triangles), 25 wt% (triangles) and
60 wt% (circles). Laser excitation was at 466 nm. The data were
ﬁrst normalized to the value at the maximum incident power of
1000 mW mm2 and then displaced vertically for clarity. The two
dependencies with a slope of 0.9 correspond to PdTPP imbedded in the
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agreement with studies reporting that the triplet lifetime in PFO
is insensitive to the presence of Pt-coordinated porphyrins,
which have similar phosphorescence decay time to PdTPP.23,24
The non-perturbing triplet detection can be further under-
stood by comparing the lifetimes of the excited states. The
phosphorescence decay time of PdTPP is 0.9 ms, as we
measured in the PFO matrix. The triplet lifetime of PFO is
estimated from the dependence of the intensity of the





where f is the chopper frequency and t is the triplet lifetime. At
room temperature with an excitation density of 500 mWmm2
it is equal toB0.1 ms, which is one order of magnitude smaller
than that of the phosphorescence decay time of PdTPP. Thus
under continuous wave excitation it takes at least 10 lifetimes/
generations of triplets in PFO between possible energy transfer
events to a PdTPPmolecule. Consequently the triplets population
is not perturbed by the presence of PdTPP.
Triplet excitons can be easily detected by PdTPP under
experimental conditions that are particularly challenging for
photoinduced absorption measurements, namely ultra thin
ﬁlms, room temperature and low excitation powers. The
phosphorescence spectrum of the PdTPP–PFO heterostructure
in Fig. 1 shows a strong emission at 700 nm, which we
accordingly assign to detected triplets in the 10 nm thick
PFO layer under an excitation of 50 mW mm2, that is well
below the triplet–triplet annihilation threshold. Thus the proposed
detection method is applicable to study triplet–triplet annihi-
lation and other diﬀusion related processes in conﬁgurations
appealing for practical applications.
Conclusions
In summary, we have shown highly sensitive triplet detection in
ultra thin ﬁlms of polyﬂuorene under low excitation densities and
at room temperature. Under these conditions the conventional
method of triplet exciton detection, photoinduced absorption is
extremely challenging. Because the triplet lifetime in PFO is
constant upon blending with PdTPP, the detection is nearly
non-perturbing for the continuously generated triplet population.
The developed method can be applied to study important
processes for lightening and solar cells in organic semiconductors
such as triplet–triplet annihilation, ﬁssion of singlet excitons, and
triplet diﬀusion.
Acknowledgements
This work is the part of the research program of the Dutch
Polymer institute (project #518). The authors thank Prof. F.
de Schryver for the useful discussions, F. v. d. Horst and
J. Harkema for the technical support. The sample preparation
has been partially performed at NanoLab Groningen.
References
1 A. Ko¨hler and H. Ba¨ssler, Mater. Sci. Eng., R, 2009, 66, 71–109.
2 S. Reineke, F. Lindner, G. Schwartz, N. Seidler, K. Walzer,
B. Lussem and K. Leo, Nature, 2009, 459, 234–238.
3 G. Schwartz, S. Reineke, T. C. Rosenow, K. Walzer and K. Higley,
Adv. Funct. Mater., 2009, 19, 1319–1333.
4 Y. Sun, N. C. Giebink, H. Kanno, B. Ma, M. E. Thompson and
S. R. Forrest, Nature, 2006, 440, 908–912.
5 D. Y. Kondakov, T. D. Pawlik, T. K. Hatwar and J. P. Spindler,
J. Appl. Phys., 2009, 106, 124510.
6 W. A. Luhman and R. J. Holmes, Appl. Phys. Lett., 2009,
94, 153304.
7 B. P. Rand, S. Schols, D. Cheyns, H. Gommans, C. Girotto,
J. Genoe, P. Heremans and J. Poortmans, Org. Electron., 2009, 10,
1015–1019.
8 S. T. Roberts, C. W. Schlenker, V. Barlier, R. E. McAnally,
Y. Zhang, J. N. Mastron, M. E. Thompson and S. E. Bradforth,
J. Phys. Chem. Lett., 2011, 2, 48–54.
9 C.-L. Lee, I.-W. Hwang, C. C. Byeon, B. H. Kim and
N. C. Greenham, Adv. Funct. Mater., 2010, 20, 2945–2950.
10 J. C. Johnson, A. J. Nozik and J. Michl, J. Am. Chem. Soc., 2010,
132, 16302–16303.
11 A. Rao, M. W. B. Wilson, J. M. Hodgkiss, S. Albert-Seifried,
H. Ba¨ssler and R. H. Friend, J. Am. Chem. Soc., 2010, 132,
12698–12703.
12 A. J. Cadby, P. A. Lane, H. Mellor, S. J. Martin, M. Grell,
C. Giebeler, D. D. C. Bradley, M. Wohlgenannt, C. An and
Z. V. Vardeny, Phys. Rev. B: Condens. Matter, 2000, 62, 15604.
13 C. Rothe and A. P. Monkman, Phys. Rev. B: Condens. Matter,
2003, 68, 075208.
14 V. Jankus, C. Winscom and A. P. Monkman, J. Phys.: Condens.
Matter, 2010, 22, 185802.
15 R. O¨sterbacka, M. Wohlgenannt, D. Chinn and Z. V. Vardeny,
Phys. Rev. B: Condens. Matter, 1999, 60, R11253.
16 V. Cleave, G. Yahioglu, P. L. Barny, R. H. Friend and N. Tessler,
Adv. Mater., 1999, 11, 285–288.
17 V. Cleave, G. Yahioglu, P. Le Barny, D. H. Hwang, A. B. Holmes,
R. H. Friend and N. Tessler, Adv. Mater., 2001, 13, 44–47.
18 N. C. Giebink, Y. Sun and S. R. Forrest, Org. Electron., 2006, 7,
375–386.
19 D. L. Dexter, J. Chem. Phys., 1953, 21, 836.
20 N. Tian, Y. V. Aulin, D. Lenkeit, S. Pelz, O. V. Mikhnenko, P. W.
M. Blom, M. A. Loi and E. Holder, Dalton Trans., 2010, 39, 8613.
21 J. Gao, H. You, J. Fang, D. Ma, L. Wang, X. Jing and F. Wang,
Synth. Met., 2005, 155, 168–171.
22 J. Kalinowski, W. Stampor, M. Cocchi, D. Virgili, V. Fattori and
P. Di Marco, Chem. Phys., 2004, 297, 39–48.
23 S. A. Chen, H. H. Lu and C. W. Huang, Adv. Polym. Sci., 2008,
212, 49–84.
24 A. Monkman, C. Rothe, S. King and F. Dias, in Polyﬂuorenes,
Springer, Berlin/Heidelberg, 2008, vol. 212, pp. 187–225.
25 A. P. Monkman, H. D. Burrows, L. J. Hartwell, L. E. Horsburgh,
I. Hamblett and S. Navaratnam, Phys. Rev. Lett., 2001, 86, 1358.
D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f G
ro
ni
ng
en
 o
n 
29
 A
ug
us
t 2
01
1
Pu
bl
ish
ed
 o
n 
06
 Ju
ly
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.o
rg
 | d
oi:
10.
10
39/
C1
CP
211
46C
View Online
